The pfg-NMR diffusion technique is proposed to have an appreciable potential for future biophysical investigations in the field of membrane biology. Topics like transport of molecules both across and in the plane of the membrane can be successfully studied, as well as the formation of lipid domains and their intrinsic dynamics can be scrutinized. This short review will introduce the fundamental aspects of orientation dependent NMR interactions and the technique of macroscopically oriented bilayers for eliminating the unwanted effects of those interactions. The pfg-NMR technique will be briefly introduced and finally, some recent results illustrating the potential of the method are presented.
Orientation dependent NMR interactions
The NMR spectrum for a general spin system is determined by the spin Hamiltonian, H, which consists of a number of interaction terms, of which the following four terms are of interest:
where H Z is the Zeeman term and the next three terms represent the static interactions. The static interactions have a common scaling term, (1/2)(3 cos 2 θ − 1), which is the second Legendre polynomial, P 2 (θ), where θ is an angle that relates the principle coordinate system of the specific interaction to the main magnetic field (B 0 ) [12] . This will have the following effects on the observed NMR spectrum:
-H CSA -The chemical shift anisotropy that represents the effect of induced magnetic fields due to orbital electronic motions, i.e. the chemical shift. Will change the chemical shift of the spectrum with a factor proportional to P 2 (θ). -H Q -The quadrupole interaction between the nuclear quadrupole moment and the surrounding electric field gradient. Will scale the quadrupolar coupling constant observed for nuclei with spin > 1/2 according to P 2 (θ). -H D -The dipolar interaction that represents the magnetic interaction between dipoles. Due to simultaneous coupling to several different dipoles this term will give rise to a linebroadening, which is proportional to P 2 (θ).
For cos θ = 1/ √ 3, i.e. θ = 54.7 • , the scaling term (1/2)(3 cos 2 θ − 1) becomes zero and the static interactions "magically" disappear. This condition is generally hard to obtain since θ is distributed randomly in a non-oriented sample so one has to use special techniques in order to remove the static interactions. In the commonly used solid-state NMR technique, where magic angle spinning (MAS) is utilized, the sample is transferred into a rotor that can be spun at very high spinning rates. The rapid spinning of the sample causes all the static interactions to be projected onto the spinning axis of the rotor, which is then turned to the magic angle (54.7 • ) with respect to B 0 , thereby removing all the static interactions in the sample [16] . For liquid crystalline bilayers, on the other hand, the fast lateral reorientation and intermolecular rotation about the long axis of the molecules takes the role of the rotor and partially averages the interactions to leave only the part that is parallel to the normal with the bilayer. Thus, the interactions are all scaled by P 2 (θ LD ), where θ LD is the angle between the main magnetic field and the bilayer normal, and if the sample can be macrocopically oriented with the bilayers aligned with the normals in the same direction, the sample can be adjusted into θ LD = 54.7 • . Generally, the 1 H NMR spectra for such samples show linewidths that are reduced from several kHz (unoriented) to the order of hundreds of Hz or less (oriented) [20] . Besides the possibility of obtaining resolved spectra for anisotropic systems, oriented samples can also be used to study orientation dependent phenomena, such as spin relaxation. Figure 1 illustrates the effect of the quadrupole interaction on the deuterium spectrum of an oriented lipid bilayer sample. Similar illustrations on the CSA and dipolar interactions are shown in a recently published review [20] .
Preparation of macroscopically aligned lipid bilayers
A number of methods has been employed to obtain macroscopically oriented lipid bilayers. The methods can roughly be divided according to weather a single bilayer or a stack of several bilayers is required. In the former case Langmuir-Blodgett films [3] and vesicle adsorption onto a solid substrate [4] can be used. In the latter case, molecules forming structures with an anisotropic diamagnetic susceptibility might orient spontaneously if the viscosity is small enough [24, 29] . If this does not apply, the most commonly used method is spontaneous orientation of a thin film of lipids on a solid substate, e.g. glass plates or mica. This method has a history back in the early 70's when the first pfg-NMR diffusion measurements were performed [2, 14] . In general there is no "best" method of obtaining a good oriented sample and experience combined with a flexible thinking has produced many different approaches to this problem [9, 11, 15, 18, 19] .
In our laboratory good results have been obtained by the following procedure. Lipids dissolved in a 1 : 4 mixture of methanol : 1-propanol are deposited onto thoroughly cleaned, but otherwise untreated, glass plates to a concentration of about 5-15 µg/mm 2 . The solvent is evaporated and the plates are placed into high vacuum for at least 4 hours to remove traces of solvent. The choice of solvent mixture gives a good adhesion to the glass surface and results in thin films covering the glass plates. The choice of solvent can be critical [19] and in some cases the glass surface has to be modified in order to obtain a suitable degree of hydrophilicity for the lipids to adhere to it. The plates are then stacked on top of each other and placed into a glass tube with square cross section. Typically, 35 (5 mm tube) or 60 (10 mm tube) plates are used for one sample.
The sample tube is placed for several days in a humid atmosphere above the gel to L α phase transition temperature. During this time hydrated and oriented bilayers are formed. Hydration by humid atmosphere is generally preferred over the use of liquid water since addition of liquid water disrupts the bilayers and results in the formation of vesicular structures. This occurs especially when more than one glass plate is needed for obtaining a sufficient signal/noise ratio. If the glass plates are stacked before hydration, addition of liquid water will disrupt the bilayers as water is sucked in between the plates by capillary forces. Attempts to stack prehydrated plates often results in mechanical disruption of the lipid bilayers. 
in which ∆ν 0 q is determined by the so-called order parameter of the C-D bond [12] . Due to the different order parameter of the different deuterons the spectrum will be split into a large number of peaks, all sharing the same value of P 2 (θ LD ) but with differing ∆ν 0 q . In the left figure the sample was oriented with θ LD close to zero degrees, and the sample was then rotated by two revolutions of the goniometer screw for each subsequent spectrum. This results in the splitting of the peaks to change according to P 2 (θ LD ). The figure on the bottom right plots the outermost splittings against the number of revolutions of the goniometer. The fit gives a maximum splitting, ∆ν 0 q , of 50.9 kHz, corresponding to an order parameter of 0.20, and 11.8 • of sample rotation/turn of the goniometer. The top right figure shows the spectrum at the magic angle (θ LD = 54.7 • ), where all the splittings have coalesced into the isotropic spectrum in which the two main peaks come from the choline headgroup and the acyl chain deuterons, respectively. This difference in isotropic chemical shift gives rise to the slight asymmetry in the innermost splittings seen in the left figure.
Finally, after obtaining the desired water content (checked by weighing), the tube is sealed and the sample is left another day or two for final equilibration. This procedure results in that when the sample is watched between crossed polarizers along the bilayer normal, large dark areas are observed, since the sample is optically isotropic along the bilayer normal [20] . Mostly more than 85% of the sample is found to be oriented as determined from 31 P NMR, in which the area under the signal from the oriented part of the sample is compared to the total area [20] .
The pfg-NMR method for measuring lipid translational diffusion
The NMR methods with pulsed magnetic field gradients provide some of the most attractive techniques for studies of molecular transport and the applicability of the NMR diffusion techniques has been growing fast due to many improvements of the NMR equipments for diffusion and microscopy [5] . One of the most successful applications of pfg-NMR is its use in extracting structural information about heterogeneous systems such as complex liquids and liquid crystals [13, 28, 31] and in special, the lipid lateral diffusion coefficients in a macroscopically oriented L α phase can be directly measured [13, 14, 20] .
The use of NMR for diffusion measurements rests on the ability to create transverse magnetization with a presession rate that is dependent on the local magnetic field. The details of this method are beyond the scope of this article and the interested reader is referred to previously published reviews [13, 28, 31] . Here, only a brief introduction will be given.
Spins moving in an inhomogenous magnetic field will experience a varying precession rate and the refocussing of the magnetization will in general not be completed after the application of a refocussing pulse. This effect is enhanced by the application of magnetic field gradients during the dephasing/rephasing periods and the resulting attenuation of the echo amplitude [30] 
is utilized to obtain the self-diffusion coefficient, D, of the molecules. In this equation the summation goes over all diffusion components. A 0i is the echo amplitudes without applied gradients, γ is the gyromagnetic ratio, ∆ is the time interval between gradient pulses and δ and g are the duration and amplitude of the pulsed field gradients, respectively. The initial echo amplitude A 0i is determined by the longitudinal and transverse NMR relaxation times. Usually the second half of the spin echo is collected and Fourier transformed to obtain the spectrum in the frequency domain. In this case the amplitude at each frequency channel is governed by Eq. (2). In order to separate the bandshapes corresponding to differently diffusing species the use of the CORE method for global analysis of the entire data set has proven useful [32] . The CORE analysis provides values of the diffusion coefficients together with the individual amplitudes of the diffusing components for each frequency channel, i.e. the individual bandshapes of the diffusional components are obtained. By applying the analysis to an increasing number of components one can normally decide on the actual number of components from the improvement in the normalized global error square sum. An example of the CORE analysis is presented in Fig. 2 . The most important factor to keep in mind when applying this technique to lipid bilayers is that the inhomogenous broadening of the dipole coupling gives a very fast spin relaxation and in order for the NMR method to be of practical use these interactions must be eliminated by the methods described earlier. To accomplish this a specially built goniometer probe is used (Fig. 3 ). By turning a rod connected to the goniometer stage the sample can be rotated from outside of the magnet so that the bilayer normal makes an angle of 54.7 • with respect to B 0 , thereby canceling the dipole interaction and producing an isotropic-like spectrum. In doing this the effective transverse relaxation time changes from sub-ms to 20-50 ms, thereby enabling the spin-echo experiment to be performed.
In the NMR experiment the translational diffusion is measured in the direction of the magnetic field gradient, which normally is directed parallel with B 0 . For a lipid membrane the observed diffusion co-efficient, D, depends on the orientation and two diffusion coefficients, D L and D ⊥ . D L is the lateral diffusion coefficient for motion parallel with the membrane plane, and D ⊥ stands for the motion perpendicular to the bilayer. Then,
For a bilayer oriented at the magic angle sin 2 θ LD = 2/3 and, since it is reasonable to assume that D ⊥ is orders of magnitude smaller than D L so that the second term in Eq. (3) can be neglected, D L is given by D L = 1.5D.
Our lab is equipped with a 10 mm 1 H probe for a 100 MHz NMR spectrometer with a maximum gradient strength of 3 T/m (routinely used for lipid diffusion measurements in the order of 1-10 µm 2 /s) and with a 5 mm dual 1 H/X probe for a 400 MHz system that is capable of giving gradient strengths up to 10 T/m (for slow diffusion of the order of 0.01-0.1 µm 2 /s and diffusion of isotopically enriched molecules, e.g. with 2 H, 31 P, 19 F and 13 C [22, 23] . For measurements in which the gradient direction can be varied with respect to B 0 , we use a microimaging system with a goniometer sample holder [34] .
Applications

Domains and rafts in lipid bilayers
During the past decade the organization of lateral structures in biological membranes and their importance for biological activity have received increasing attention as the importance of domain formation and percolation phenomena to cellular processes have been recognized [1, [25] [26] [27] 33] . We have witnessed an emergence of interest in a specific type of cholesterol rich domains, often referred to as membrane rafts [17, 27] , and since the raft-concept was coined in 1997 [26] , the number of annual publications on rafts has steadily increased.
Since the translational motion of lipids will be affected by the presence of microdomains in the lipid bilayer, it is possible to use the pgf-NMR diffusion method to investigate such domains [6] [7] [8] [20] [21] [22] [23] . The crucial parameters determining the diffusional behaviour is the exchange times, the partitioning coefficients, and the diffusion coefficients for lipid species in the different domains [10] . Figure 4 shows an example of the different dependence on cholesterol concentration of the lipid diffusion coefficient in systems forming homogeneous bilayers, microdomain rafts, and rafts of macroscopic sizes.
With this technique we have successfully investigated several potentially raft-forming systems in order to get an understanding of the physico-chemical mechanisms in the raft-forming process. Recently, we have extended the method to isotopically labelled molecules, which allows us to measure the diffusion of each individual lipid species in the raft mixture [22] . In order to gain further insight we are presently investigating sterols involved in the biosynthesis of cholesterol as well as sterols that perform the same function as cholesterol in plants.
Lipid diffusion can also be analyzed in the context of solid, inpermeable obstacles, such as integral proteins and gel patches. In such systems the diffusion coefficient will be dependent on the total fraction of obstacles as well as the size and shape of the obstacles [25] . In a combined differential scanning calorimetry and pfg-NMR study we have investigated the effect of the incorporation of gramicidin D (a transmembrane peptide) and gel patches on the diffusion of dimyristoylphosphatidylcholine in oriented bilayers. We were able to draw conclusions both of the number of lipids associated with the peptide and the shape of the obstacles [21] . Fig. 4 . Lipid lateral diffusion in cholesterol-containing bilayers at 50 • C. This figure shows the different behaviour obtained for three different bilayer component organizations. Triangles: DOPC/cholesterol. This system forms a microscopically homogeneous system and the lipid diffusion varies continuously as the cholesterol concentration increases [6] . Squares: egg sphingomyelin (eSM)/cholesterol. This system exhibits domain formation in the range of 6-22 mol% cholesterol. Due to fast exchange the observed diffusion coefficient will be a weighted average of the diffusion coefficients in the separate phases. This is an indication that the domains are smaller than the mean diffusion length (ca 1 µm). In the one phase regions on each side of the two-phase area the diffusion coefficients are almost constant [6] . Circles: DOPC/eSM/cholesterol. Macroscopic phase separation occurs in this system between 10 and 37 mol% cholesterol. Due to the large domains formed the lipids will mainly move within the same domain during the measurement time (50-200 ms) and exchange between the phases will therefore be slow on this timescale. This results in separately observed diffusion coefficients corresponding to diffusion in the two phases [7] . A fourth case, not illustrated, is also possible in which the exchange time between the domains is comparable to the diffusion time. In this case two-component diffusion will also be observed but then both the pre-exponential factors and the apparent diffusion coefficients will be functions of relaxation times, diffusion coefficients and lifetimes of the lipids in the two phases [10] .
Anisotropic diffusion in oriented systems
In the study of lipid diffusion the motion parallel to the bilayer normal is orders of magnitudes smaller than that within the bilayer plane. This is not the case for molecules that are partially dissolvable in both water and oil, since this feature allows the molecules to pass through both the water layers and the oily hydrocarbon core of the stacked bilayers. In this case the diffusion along the normal will be slowed down as compared to that along the layers and this anisotropy in the diffusion can be measured with pfg-NMR.
For this application we use the ability of the imaging equipment on the 400 MHz spectrometer to produce pulsed field gradients in any direction, thereby allowing for diffusion measurements at any angle to the bilayer normal. With this method we have investigated water diffusion anisotropy in bilayers and found that the water diffuses at least two orders of magnitude slower along the normal than perpendicular to it [34] . Further studies are planned in order to utilize this method in studies of membrane permeability and controlled drug release.
